INTRODUCTION
============

A 3-year-old child was admitted to a pediatric unit with suspected urinary tract infection. The resident medical officer charted a dose of 75.6 mg of gentamicin on the medication chart; however, the nurse misread the dose as 756 mg, resulting in 10-fold overdose of gentamicin. The error was subsequently picked up 3 days later when the gentamicin level was checked. An open disclosure about the overdose was made to the family. The child developed transient gentamicin-associated acute kidney injury, resulting in multiple blood tests to monitor renal function. An outpatient audiometry testing to check for ototoxicity was organized. Though, fortunately, the child recovered completely with no long-term consequences, the parent expressed frustration over an avoidable mistake in treatment. Her words at the time of discharge from the hospital were: "Please let this incident serve as a lesson to the healthcare providers in the hospital."

"Patients treated with aminoglycosides should be under close clinical observation because of the potential toxicity associated with their use"---a black boxed warning by the Food and Drug Administration (FDA), United States (gentamicin drug label information, first published in February 2008).

Clinical effects of gentamicin-related toxicity such as ototoxicity, nephrotoxicity, and less often neuromuscular toxicity are well known.^[@R1]^ Despite due diligence, gentamicin-related medication errors are relatively common in pediatric hospitals. In the first half of 2014, there were 30 gentamicin-related adverse events reported by the pediatric units in NSW through the Incident Information Management System *(Clinical Excellence Commission, New South Wales unpublished data, 2014*). Thus, there is limited recognition of the fact that gentamicin is one of the most common medication-related errors in the pediatric population in NSW. Bates^[@R2]^ proposed that for every medication error that harms the patient, there are up to 100 mostly undetected errors that do not. Similar concerns related to gentamicin medication safety incidents are well recognized across the world.^[@R3]--[@R6]^ There are many examples of strategies designed to improve the safety of gentamicin administration,^[@R7]--[@R10]^ yet adverse events persist.

There are 3 tertiary children's hospitals and 40 pediatric units in hospitals spread across the state of NSW, Australia *(National Public Hospital Establishments Database*). Junior Medical officers (JMOs) frequently rotate through these units and are usually responsible for gentamicin prescribing. While medication prescription is a complex process in children, gentamicin prescription is particularly complicated, as it requires monitoring of the serum levels at specific times and dose adjustment based on the serum levels achieved. Gentamicin has a narrow therapeutic range between efficacy and toxicity; as a result, dosing regimens and adjustments based on serum levels are critical to maintaining optimal efficacy and minimize the risk of toxicity.^[@R11]^

Various studies have shown that when standardized care is used quality increases, variation decreases, and cost decreases.^[@R12]--[@R14]^ A recent major initiative in Australia to improve the safe use of medicines was the introduction of standardized National Inpatient Medication Chart (NIMC).^[@R15]^ Despite clear benefits from the standardization of medicines documentation, little is known about the variability in guidelines that support the prescription of gentamicin dosages and drug monitoring practices across different pediatric units and tertiary children's hospitals in NSW.

We, therefore, aimed to conduct a survey to better understand the practice of gentamicin dosing and therapeutic drug monitoring (TDM) guidelines among various pediatric hospitals and units in the state of NSW.

METHODS
=======

We developed a multiple-choice knowledge-based questionnaire contingent with our review of gentamicin drug guidelines used at the three tertiary hospitals at NSW: The Sydney Children's Hospital Randwick, The Children's Hospital Westmead, and John Hunter hospital (see Appendix 1). This questionnaire was piloted and sent by electronic mail in April 2015 to the Heads of the department at each of the 40 pediatric units across NSW, including the 3 major tertiary children's hospitals where the survey was sent to a representative pediatric consultant. Neonatal units were excluded from this survey, as another study analyzing gentamicin prescribing practices in the neonatal intensive care units in NSW was underway, during this study period. It was requested that the Heads of the department respond or delegate the responsibility to answer the questionnaire to a JMO, pediatric nurse, or pharmacist from their team. Questions were designed with the purpose that the response options would reflect the unit's practice on the prescription and TDM of gentamicin for inpatients, based on the guidelines they follow. The survey requested information about the unit's practice in the following areas.

1.  presence of a guideline for gentamicin dosing and TDM;

2.  dosing of gentamicin in pediatric patients with normal renal function;

3.  dosing interval of gentamicin;

4.  maximum daily dosing of gentamicin;

5.  methods used for gentamicin TDM;

6.  gentamicin dosing and monitoring in febrile neutropenic patients;

7.  management of gentamicin drug levels above target range;

8.  gentamicin dosing in obese patients;

9.  cohort of patients excluded from the unit's gentamicin guideline.

A reminder electronic mail was sent if no reply was received after 14 days of sending the questionnaire. All responses received were stored in the survey database and transferred to an Excel spreadsheet. The data were descriptively analyzed with frequency described as numbers and percentages. Ethical consent for the study was obtained from Sydney Children's Hospital Network Human Research Ethics Committee (Reference: LNR.15.SCHN.37).

RESULTS
=======

A total of 35 of the 40 pediatric units responded to the questionnaire (response rate of 87%). No response was received from 5 regional pediatric units. More than 1 response was received from 8 units, giving a total of 50 responses from 35 units. Where multiple responses were received, the response from the most senior clinician from the unit was selected to represent the unit's policy.

From the 35 pediatric units, 17 pediatric specialists (48%), 15 pediatric JMOs (43%), 2 pediatric nurses (6%), and 1 pediatric pharmacist (3%) responded to the questionnaire. The majority of the respondents (91%) identified their primary workplace as the pediatric ward in their respective hospitals (Table [1](#T1){ref-type="table"}).

###### 

Responses to Questions on Guidelines for Prescription of Gentamicin Medication Used by Clinicians across Various Pediatric Units and Children's Hospitals in NSW
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About half of the respondents (54%) stated that their unit did not have local guidelines for gentamicin dosing and used other information sources, whereas 3 respondents (10%) were unsure if their unit had a guideline for gentamicin dosing. Similarly, for TDM more than half (65%) indicated that they did not have their own local guideline for gentamicin TDM and 4 (12%) respondents stated that they were not aware if a local guideline existed for gentamicin TDM use (Fig. [1](#F1){ref-type="fig"}).
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Most of the respondents (63%) indicated that their practice was to use a single daily dose of 7.5 mg/kg for patients with normal renal function. Forty-two percent of respondents reported the use of the same dose in patients with febrile neutropenia.

Responses coded as "other" were common for the question on the dose of gentamicin used and included age-based dosing responses. Gentamicin dosing responses varied from a dose of 6 mg/kg once daily for patients more than 10 years of age to 7 mg/kg once daily on day 1, followed by 5 mg/kg once daily for patients over 10 years of age.

The dosing regimen used in febrile neutropenia patients varied significantly with approximately a third of units using 2.5 mg/kg 3 times a day, a third using 7.5 mg/kg once daily and a quarter choosing the option indicating another dose (Fig. [2](#F2){ref-type="fig"}).
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There was significant variation in the responses received for maximum dose of gentamicin prescribed in a 24-hour period. The "other" responses option had a wide variation, ranging from the lowest total dose reported as 240 mg to the highest dose reported as 640 mg over a 24-hour period (Table [2](#T2){ref-type="table"}).

###### 

Variations in the TDM of Gentamicin Used by Pediatric units and Children's Hospitals across NSW (n = 35)
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The method used for gentamicin TDM varied markedly, with 63% indicating use of trough levels and 23% using Hartford Nomogram (a nomogram that acts as a guide on when to give the patients their next dose, based on gentamicin concentration and time the measurement was taken). Sixty-six percent of units measure first blood levels for TDM before the third dose, 14% measure it on day 1 at 6 hours, and 11% before the second dose.

A significant proportion (40%) of the respondents were either unsure or had no local guideline on the appropriate course of action if the serum gentamicin levels were high. Similarly, 43% of the respondents were either unsure or had no local guidelines regarding gentamicin dosing for obese patients (Fig. [3](#F3){ref-type="fig"}).
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A significant proportion (44%) of the units indicated that treatment for severe sepsis was excluded in their gentamicin dosing and TDM guidelines, whereas majority (78%) excluded patients with renal failure. Less commonly encountered conditions such as cystic fibrosis and endocarditis were excluded from the guidelines by most units.

DISCUSSION
==========

Standardization of practice is an important tool in improving quality and patient safety outcomes.^[@R16]--[@R18]^ It is well known that the adoption of 1 appropriate specific management plan by a clinical care team will, by virtue of standardization alone, yield results superior, to those achieved by random application of several individually equivalent approaches.^[@R19]^ Our survey demonstrates the lack of standardization in gentamicin dosing and TDM guidelines among different pediatric units and children's hospitals in NSW. It presents a significant challenge to clinicians, including JMOs, who must orientate themselves to each new unit's guideline to prescribe gentamicin. The absence of standardization contributes to confusion in gentamicin prescription and adds to the potential prescription errors related to its administration. This can have direct patient safety effects on young children. To facilitate standardization and consistency of practice, we suggest that a statewide gentamicin dosing and TDM guideline should be developed using a multidisciplinary approach.

Studies in pediatric patients suggest that once daily dosing results in improved clinical efficacy and reduced toxicity compared with multiple daily dosing as the bactericidal activity of aminoglycoside is concentration dependent.^[@R20]^ Also, for empirical therapy (\<48 hours) monitoring of plasma concentrations is not required.^[@R21]^ Although the Australian therapeutics guidelines (2016)^[@R22]^ recommend the use of a computerized method with a dosage adjustment to achieve a target AUC, they also realize that not all hospitals would have access to these computer programs. Hence, nomograms were included and the nomograms continue to be used by some units in NSW.

Our survey was answered by more than 1 respondent from 8 pediatric units. Although the numbers of responses received were too small to draw conclusions about intradepartmental variability, a review of the comments section in these responses revealed an element of confusion within some units about gentamicin prescribing guidelines. For instance, in reference to gentamicin drug level monitoring, 1 response stated: "the nursing unit manager and an advanced trainee are in disagreement about the usual practice." Also, 2 responses stated the gentamicin dose "depends on what source the prescriber uses." A likely explanation for this discrepancy is the lack of familiarization with the local protocol and the exposure of rotating medical staff to different gentamicin protocols, resulting in intrahospital variation of gentamicin prescribing and monitoring.

The reasons for the lack of standardization of gentamicin dosing and TDM practices across pediatric units in NSW are unclear. It is interesting to note that 60% of children hospitalized in NSW are admitted to "nonpediatric" hospitals.^[@R23]^ Our survey demonstrates that many pediatric units follow gentamicin guidelines published by the tertiary children's hospitals. It is, therefore, confusing that the 3 tertiary children's hospitals in NSW have variation in guidelines for gentamicin dosing and TDM. Medication guidelines are regularly updated to reflect best practice and recent changes have since been made to these guidelines. However, the absence of a statewide gentamicin guideline remains a significant factor impeding the best practice on gentamicin dosing and its TDM.

No single solution represents a complete answer to this complex issue of gentamicin-related medication errors. Given it is known that a lack of consensus-based guidelines can lead to variation in practice,^[@R24]^ this survey suggests that standardization of gentamicin dosing and monitoring guidelines for pediatric patients across all units in NSW has the potential to reduce prescribing errors and prevent drug toxicity. The issue of gentamicin medication errors is not just confined to NSW or Australia but is universal. In the United Kingdom, the NPSA Alert issued in 2010 provides a national care bundle approach with the care bundle's key elements to include using 24-hour clock, ensuring no interruption during administration, using a double-checking prompt and giving the prescribed dose within 1 hour of the prescribed time.^[@R25]^ Gazarian and Graudins^[@R26]^ demonstrated a reduction in medication error and harm (specifically paracetamol in hospitalized children in Australia) by using a guideline implementation model whose key components included consensus development, multidisciplinary collaboration, effective clinical leadership, interactive education, and timely data feedback using iterative Plan--Do--Study--Act cycles. Similar approaches, specifically targeting gentamicin prescription, should be explored in pediatric units and children's hospitals in NSW.

There has been growing interest in the use of computerized physician order entry system as a potential solution to reduce medication errors across hospitals in NSW. Despite benefits in improving quality of medication orders in terms of legibility and completeness, limitations to its use exist such as variable ease of use, physician acceptance, cost, software integration into existing facility systems, standardization across systems, potential increase in errors after implementation, and ability to address only a subset of potential medical errors.^[@R27]^ The use of a standardized, easy to use gentamicin-specific medication chart deserves special consideration. Standardized individualized medication charts can lead to reductions in prescribing errors and result in improved documentation.^[@R28]^ Three previous studies in Australia, where standardized charts were used to improve management of particular pharmacological therapies (insulin, venous thromboembolism prophylaxis, warfarin, and N-acetylcysteine), demonstrated improvements in prescribing practice.^[@R29]--[@R31]^ A study in a neonatal unit in Northern Ireland reported 16% reduction in the average number of gentamicin-related medication errors since the introduction of a gentamicin-specific drug chart in their unit.^[@R32]^ Pharmacists play an important role in medication management. In the United States, 95% of hospitals have pharmacists monitor serum medication concentrations and most of these hospitals allow pharmacists order concentrations and make adjustments in the dose.^[@R33]^ We advocate for a greater utilization of pharmacists in gentamicin drug monitoring and prospective review of all gentamicin dose prescriptions.

We acknowledge that our review of gentamicin prescription practices is subject to some limitations. The survey questions were designed with their multiple-choice response options to reflect on the unit's clinical practice on dosing and monitoring of gentamicin. However, we acknowledge the fact that it is possible that the responses may have been biased by individual clinician practice opinions. We did not individually collect each local hospital approved guideline on gentamicin dosing and TDM as we wanted to examine the knowledge and practical applications of these guidelines based on the staff responses. Also, nurses and pharmacists play an important role in coordinating all aspects of the implementation of gentamicin administration guidelines and their participation in this survey was limited. It is therefore with some caution that we make generalizations about the current prescribing practices in NSW, but we recognize that our results, in general, reflect the clinical practice of the medical practitioner responsible for gentamicin prescription.

The conclusions from our study provide a strong basis for an improvement collaborative such as to develop a simple and standardized approach to gentamicin dosing and its monitoring for all pediatric units in NSW. There is an urgent need to develop consistent, accurate, and reliable guidelines for calculating the dose and TDM protocols for gentamicin across all pediatric hospitals in the state. Options include development of a standardized paper or electronic specific gentamicin prescription chart for use in all pediatric units. The options to consider in such a form, either paper or electronic based, could be that the dose of gentamicin be checked at the time of writing by 2 clinicians and all gentamicin prescribing charts be reviewed by a pharmacist within 24 hours of prescribing. We suggest that a protocol such as that outlined above has a potential for a significant reduction in gentamicin-related adverse events and should be implemented and evaluated with a post-introduction audit.
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The questionnaire requested the representative to answer the following questions:
=================================================================================

1.  Does your unit have its own hospital guideline for gentamicin dosing and TDM for pediatric patients (aged 1 month to 16 years)?

2.  If no, what reference source does your unit usually use for gentamicin dosing and TDM?

3.  What intravenous dose of gentamicin does your organization use in the age group 1 month to 16 years for children with normal renal function and who have been previously well?

4.  What is the maximum gentamicin dose that your organization uses?

5.  If a child (aged 1 month to 16 years) with febrile neutropenia with normal renal function presents to your hospital needing gentamicin, what dosing of gentamicin does your organization recommend?

6.  What approach does your organization use to monitor gentamicin levels?

7.  For a child (aged 1 month to 16 years) on prolonged directed therapy (\>48 hours), at what time point during gentamicin treatment does your organization recommend taking the first blood levels for TDM for patients who were previously well?

8.  In the case of gentamicin serum levels of TDM being high, which of the following actions would you follow? Options included: extend the dosing interval, reduce the gentamicin dose, both extend the dosing interval and reduce the gentamicin dose, unsure, and no guideline exists.

9.  In the case of obese patients, how does your organization determine the dose of gentamicin to be administered?

10. Which cohort of patients are excluded in your guidelines on gentamicin dosing and TDM? Options included: cystic fibrosis, renal failure, severe sepsis, hematology oncology patients, and patients with endocarditis.
